Nuclear power plants (NPPs) release toxic emissions into the environment that may affect neighboring populations. This ecologic study was designed to investigate the possibility of an excess incidence of cancer in the vicinity of French NPPs by examining the incidence by municipality of 12 types of cancer in the population aged 15 years and older during the 1995-2011 period. Population exposure to pollution was estimated on the basis of distance from towns of residence to the NPP. Using regression models, we assessed the risk of cancer in a 20-km zone around NPPs and observed an excess incidence of bladder cancer (Relative Risk (RR), 95% Credibility Interval (95% CI)) in men and women (RR men 5 1.08; 95% CI: 1.00, 1.17 and RR women 5 1.19; 95% CI: 1.02, 1.39). Women living within the 20-km proximity areas had a significantly reduced risk of thyroid cancer (RR women 5 0.86; 95% CI: 0.77, 0.96). No excess risk of hematologic malignancies in either sex was seen. The higher than expected incidence of bladder cancer may be due to an excess incidence localized around the Flamanville NPP and the nearby La Hague nuclear waste treatment center, which is a source of chemical contaminants, many (including arsenic) of them known risk factors for bladder cancer. Differences in medical practices could explain the reduced risk of thyroid cancer. In this first study of adults living near NPPs in France, cancer incidence is significantly higher than in the references populations for one of the cancer types studied: bladder cancer.
Introduction
Numerous epidemiologic studies describe the carcinogenic effects of ionizing radiation on humans, including those of atomic bomb survivors in Japan, people exposed during the Chernobyl nuclear accident and medical and occupational exposures. 1 These reports have shown that exposure to both high and low doses of ionizing radiation is associated with an increased risk of cancer at various sites throughout the body, 2 through complex biologic mechanisms. 3 Recent epidemiologic studies (the German KiKK study 4 and the French Geocap study 5 ) have also shown higher than expected incidence rates of acute leukemia in children living near nuclear power plants (NPPs). These results have helped rekindle the debate about the health effects of environmental exposure to these plants under their normal operating conditions.
France has the second largest number of civil nuclear installations in the world, including 19 NPPs around which several million people live. Although France operates a surveillance system for hematologic malignancies in children living near NPPs, the lack of systematic surveillance of their possible health effects on adults means that childhood leukemia is the only cancer that has been studied in relation to NPPs in France. Besides the Geocap studies cited above, [5] [6] [7] another investigation focused on the mortality data of children living in the vicinity of 13 NPPs 8 and found that the overall risk of leukemia mortality in the local populations aged 0-24 years did not differ significantly from the national rates. More generally, most studies both in and outside France have focused on the incidence of leukemia among children living near NPPs, [4] [5] [6] [7] [9] [10] [11] [12] [13] [14] while only a few have analyzed adult cancer around them. [10] [11] [12] [13] [15] [16] [17] [18] [19] [20] [21] Some of the latter, focused on single nuclear installations, have observed higher than expected numbers of leukemia and of kidney and lung cancers. [11] [12] [13] 15, 17 To examine the incidence of cancer in adults living around NPPs in France and improve our understanding of the technical challenges related to health surveillance in the vicinity of NPPs, Sant e Publique France, the national public health agency, conducted an ecologic investigation. The objective of this analysis is to describe cancer incidence in adults living within a radius of 20 km around NPPs in districts covered by adult cancer registries.
Methods

Design and study population
We conducted an ecologic study around NPPs at the level of the municipality (commune), the smallest French administrative unit in rural areas. A multisite study was considered necessary to overcome the issues of statistical power and local biases encountered when focusing on a single plant. The patient's home address at diagnosis was used to identify the municipality of each case patient. Adults aged 15 years and older and diagnosed between 1995 and 2011 were included. The study period was defined according to the availability of health data. Our study received approval from the French Data Protection Authority ("Commission Nationale de l'Informatique et des Libert es").
Study area
Only 7 of 19 French NPPs are located in districts (administrative subdivisions of a region in France) covered by a cancer registry (Fig. 1) . Our study included all seven: Chooz NPP located in the district of Ardennes, Civaux NPP in the district of Vienne, Fessenheim NPP in Haut-Rhin, Flamanville NPP in Manche, Le Blayais NPP in Gironde, Le Bugey NPP in Ain and Saint-Alban NPP in Isère. In the remainder of this article, each NPP will be referred to by the name of the municipality in which it is located. In view of the differing power capacities of the reactors of these 7 NPPs, we considered two groups of NPPs: <3,600 megawatt (MW) and 3,600 MW. They have also been in operation for different periods of time, considered as 32 years and >32 years.
In the absence of exposure data (e.g., measurements and dispersion modeling) and in accordance with previously published work, 5 the surrogate exposure measure was the distance between the NPP and the municipality's town hall. In particular, municipalities were considered potentially exposed to an NPP if they were within 20 km of one; this area is called the "20-km proximity area." Two other nuclear installations (ONIs), La Hague (a spent fuel reprocessing plant) and Creys-Malville (a decommissioned NPP) are located within 20 km of Flamanville NPP and Le Bugey NPP, respectively (see Fig. 2 ). In view of the difficulty of distinguishing exposure from these installations from that from their neighboring NPPs, we decided to include them in the study and we considered one 20-km proximity area around Flamanville and La Hague together and another 20-km proximity area around Le Bugey and Creys-Malville together (Fig. 2 ). These two nuclear installations are each >5 km from their neighboring NPP. This choice, made a priori, allows us to take the specificities of these sites into account.
Population data
The National Institute for Statistics and Economic Studies (INSEE) provided census data, available by sex, 5-year age group, and municipality, for the districts studied and for the 
Cancer incidence data
We studied the incidence of cancers known to be related to ionizing radiation, 23, 24 coded and presented according to the What's new? Potential health effects associated with living near nuclear power plants (NPPs) are a subject of widespread concern in France, which has the second-highest number of civil nuclear installations worldwide. Here, incidence of solid cancers and hematologic malignancies was estimated over the period 1995-2011 for populations within a 20-km radius of six French NPPs. Excess mortality from bladder cancer was observed for both men and women, while women had significantly reduced mortality rates from thyroid cancer. The higher-than-expected increase in bladder cancer incidence may be attributed to a nuclear waste treatment center that is sources of chemical contaminants associated with bladder cancer risk.
NPPs located in 5 districts with a general cancer registry, and thyroid cancer was studied for 7 NPPs in 6 districts.
Confounders
Ten potential confounding factors for which direct or indirect data were available by municipality were taken into account: tobacco and alcohol consumption, deprivation, rural/urban status, population density, and exposure to pesticides, road traffic pollution, other polluting industries, benzene and high-voltage power lines. A geographic information system was used to build confounding factors, and their distribution was compared between municipalities within 20 km of an NPP and those outside the 20-km area.
Tobacco consumption. The indirect indicator used as a proxy for tobacco consumption at the municipal level was the pooled standardized incidence ratio (SIR) 26, 27 of cancers strongly associated with tobacco consumption, 28 that is, of 
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the lungs (C33, C34), larynx (C32) and upper aerodigestive tract (C00-C14). The cancer site of interest for this confounder (bladder cancer) was excluded from the indicator.
Alcohol consumption. The indirect indicator used as a proxy of alcohol consumption at the municipality level was the SIR of cancer cases strongly associated with alcohol consumption: 29 of the liver (C22), larynx (C32), esophagus (C15) and upper aerodigestive tract (C00-C14). Again, the cancer site of interest for this confounder (breast cancer) was excluded from the indicator.
Deprivation index. We used the French version of the European Deprivation Index, which includes overcrowding (>1 person per room), lack of access to a central or electric heating system and to an automobile, non-home-ownership, 
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Cancer Incidence Around French Nuclear Power Plants unemployment, foreign nationality, occupation of unskilled farm worker, low education level and residence in a singleparent household or one with six persons or more. 30 Index of urbanization. INSEE provided a rural/urban index, defined by 4 levels of urbanization from heavily urban to rural: center city, suburban town, isolated town (or multicommunale agglomeration) and rural municipality. 31 Population density. The population density is defined as the number of inhabitants per km 2 and was computed from census information provided by INSEE.
Pesticides. The proxy indicator for pesticide exposure was the proportion of area used for agriculture in the municipality. Agricultural crops considered to consume the highest quantities of pesticides were fruit orchards, grapes in vineyards and field crops. 32 Traffic. The proxy indicator for potential exposure to road traffic pollution was the proportion of municipal area occupied by main roads and highways. 33 Industrial pollution. As a proxy for exposure to other industrial sites, we used the ratio between the number of potentially polluted sites in the municipality and the overall municipal surface area. These industrial sites were identified from the BASOL database (French Ministry of Ecology and Sustainable Development), an inventory of contaminated sites that require or have undergone a preventive or remedial action.
Benzene. The French Air Quality Monitoring Associations modeled benzene concentrations on a 2 3 2-km grid covering all of France. Data were available for each year from 1989 to 2008. We assigned a benzene concentration value to each municipality studied, 34 using the oldest benzene concentration value available for each study period.
High-voltage power lines. The indicator used was the ratio of surface area within 50 m around these high-voltage lines to the total area of each municipality. 35 
Statistical methods
Because of the small numbers of cases observed, Poisson regression models were fitted to assess the association between the risk of cancer and proximity to an NPP.
Models were fitted with an offset that is the expected number of cancer cases, computed for each municipality by applying reference incidence rates (rates estimated for metropolitan France) to its person-years, stratified by age (5-year age groups) and gender. As a complementary analysis, we estimated RRs with a different reference area: all districts with an adult cancer registry.
The NPP exposure indicator we used was coded as: 0) unexposed area, consisting of municipalities with no NPP or ONI (La Hague or Creys-Malville) within 20 km of their town hall (reference group); 1) exposed to 1 site, consisting of municipalities located at a distance of 20 km from an NPP or an ONI (La Hague or Creys-Malville); 2) exposed to 2 sites, consisting of municipalities located at a distance of 20 km from one NPP and from an ONI (La Hague or Creys-Malville) (Fig. 2) . This analysis also considered the duration of NPP operations and their reactor power. Finally, we performed additional analyses only for municipalities near the Flamanville plant and the nearby La Hague nuclear installation. Previous studies have reported increased, albeit not significant, risks of leukemia in children 36 around these two installations, and experts have measured radioactive releases and reconstructed doses for them. 37 Moreover, we performed additional analyses without considering these two facilities.
Models. For the above analyses, we used three statistical approaches based on a Poisson regression model to estimate relative risks (RRs) and their 95% credibility intervals (95% CI):
a. Quasi-Poisson regression: For rare diseases and aggregated data, Poisson regression models are a natural choice to study cancer incidence rates while adjusting for several covariates. A key point for a model based on a Poisson distribution is that its expected value is the same as its variance. Overdispersion is frequently observed with small-area cancer counts. For this reason, we used a quasi-Poisson regression instead of a simple Poisson regression, fitting a generalized additive model (GAM) to explore the associations between the risk of cancer and its confounders without presupposing their shape. The R package mgcv was used. b. A Bayesian hierarchical model was used to model overdispersion, structured spatially or non-spatially, 38 with the R-INLA (R-Integrated nested Laplace approximations) package. c. A Bayesian hierarchical model with zero-inflated Poisson (ZIP) was used because our data have an excess of zeros. The ZIP model is a mixture of two components, a count distribution and a point mass at zero. The first process is governed by a Poisson distribution that generates counts, some of which may be zero. The second process is governed by a binary distribution that generates structural zeros. Spatial autocorrelation and overdispersion are also taken into account. We again used the R-INLA package for this model.
We adjusted for the confounders presented earlier: tobacco and alcohol consumption, deprivation index, population density, urbanization index and potential exposure to traffic, other industrial pollution and pesticides. For hematologic malignancies, we further adjusted for benzene levels 39, 40 and high-voltage power lines. 35 A district effect was always included in the models to take differences in the baseline risk into account.
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Analyses were age-adjusted and conducted for each sex separately for solid tumors and together for hematologic malignancies. A second set of analyses used a 5-km radius around each NPP when there were enough observed cases.
R software (http://cran.r-project.org/) was used for the statistical analyses. Figure 2 presents the geographical positions of the 7 NPPs and 2 ONIs studied and the 20-km proximity area around each. The entire French population living within this radius could be monitored, with the exception of parts of the radii around Saint Alban and Bugey, which are adjacent to districts not covered by cancer registries. Table 1 reports the number of municipalities located within 20 km of each NPP and their populations. Sixty-seven percent of the French population living in the 20-km proximity area of the 7 NPPs are in areas covered by a cancer registry and can therefore be studied. The population size in the six study districts was constant between 1999 and 2008. Seventy-five percent of these municipalities are rural.
Results
Study area and population
The study of all cancers except thyroid cancer, and excluding any cancers for the Chooz NPP (situated in a district with a thyroid cancer registry only), covered 2,805 municipalities in all; 19 were within 5 km of the 6 NPPs studied (pop. 12,680) and 318 (pop. 422,190) within the 20-km proximity area.
For thyroid cancer only, including for the Chooz NPP, the study covered a total of 3,268 municipalities, 29 of them within 5 km of the 7 NPPs studied (pop. 18,202), and 337 within the 20-km proximity area (pop. 445,935).
Description of confounders
The distribution of the 10 confounders did not significantly differ between municipalities situated within the 20-km proximity area and the other municipalities of the districts studied.
Selected model
We found that the Bayesian hierarchical model without the spatial random effect fitted the data best (according to the Deviance Information Criterion), except for breast cancer, for which the spatial effect was maintained.
Relative risks of solid cancers in adults in the study area Table 2 reports RRs for solid cancers in municipalities within the 20-km proximity area of an NPP or ONI. Living (at diagnosis) in one of these municipalities was not associated with a higher risk of solid cancer, with one exception: bladder cancer in both men (RR 5 1.08; 95% CI: 1.00, 1.17) and women (RR 5 1.19; 95% CI: 1.02, 1.39). We also noted a significantly lower than expected risk of thyroid cancer in women living in municipalities located in the 20-km proximity area (RR women 5 0.86; 95% CI: 0.77, 0.96).
RRs for solid cancers in municipalities located at <5 km from an NPP or ONI were estimated as well. We observed no significant association between solid cancers and living at diagnosis in a municipality within 5 km of an NPP or ONI. However, the excess of bladder cancers in men remained stable, although no longer significant (RR men 5 1.13; 95% CI: 1 Number of communes situated at 5 km from NPPs and covered by a cancer registry. 2 Number of communes situated at 20 km from NPPs and covered by a cancer registry. 3 In operation for 32 years. 4 Power capacity of the reactors 3,600 MW. 5 Including the 16 additional communes 20 km from the ONI of Creys-Malville. 6 In operation for <32 years. 7 Power capacity of the reactors <3,600 MW. 8 Including the two additional communes 20 km from the ONI La Hague.
0.90, 1.42). Similarly, we observed a reduction of thyroid cancer risk in women (RR women 5 0.75; 95% CI: 0.53, 1.06). When we looked only at Flamanville and La Hague, the risk of bladder cancer was also significantly higher than expected in men (RR men 5 1.30; 95% CI: 1.09, 1.54) and higher but not significant in women (RR women 5 1.23; 95% CI: 0.89, 1.68).
After exclusion of the Flamanville and La Hague nuclear facilities, a slight excess of bladder cancer was found, but was no longer significant (RR men 5 1.04; 95% CI: 0.95, 1.14 and RR women 5 1.08; 95% CI: 0.90, 1.30). The reduction of the thyroid cancer risk in women remained stable (RR women 5 0.86; 95% CI: 0.77, 0.96).
Relative risks of hematologic malignancies in adults in the study area Table 3 reports RRs for hematologic malignancies in municipalities 20 km from an NPP or ONI. Living at diagnosis in 
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a municipality <20 km from an NPP or ONI included in the study (compared to further away) was not associated with a higher risk of these cancers. Inversely, a statistically significant decrease in risk was observed for chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) among the population exposed to only one site (RR 5 0.86; 95% CI: 0.76, 0.98). When looking only at the Flamanville plant and the nearby La Hague nuclear installation, no significant decrease in CLL/SLL was found (RR 5 0.97; 95% CI: 0.77, 1.23). After exclusion of the Flamanville and La Hague facilities, a persistent statistically significant decrease in risk for CLL/SLL (RR 5 0.85; 95% CI: 0.74, 0.97) was again found.
Complementary analyses (results shown in additional material)
Overall, the results obtained using the rates observed in districts with cancer registries as reference rates were similar to those obtained with the national rates (see Table 4 and Table  5 in Additional file 1). Furthermore, no association between cancer and proximity to NPPs was observed when risk was stratified by reactor power category or duration of plant operation (see Table 6 to Table 9 in Additional file 2). The older NPPs are the most powerful, except Fessenheim. We thus observed very similar results in the analyses by power and duration of operation, because the two groups are relatively similar.
Discussion
Our study is the first to analyze the risk of cancers in adults living (at diagnosis) near NPPs in France. With one exception, it showed no higher incidence of solid cancers within the 20-km proximity areas. The exception was for bladder cancer, and its increase almost disappeared when we excluded the Flamanville NPP and the nearby La Hague nuclear installation from the analysis, but returned when we focused only on the 20-km proximity area around these two facilities. The significant excess of bladder cancers observed in men and women may be due to localized excess incidence around La Hague and Flamanville. This result should be interpreted with caution. On the one hand, La Hague, a nuclear waste treatment center, is also a source of chemical contaminants, many of them (including arsenic) known risk factors for bladder cancer. On the other hand, this result might be due to uncontrolled confounding factors (although we took the principal confounding factors into account) or even to chance. Furthermore, this area also includes in its vicinity the military nuclear center of Cherbourg. Further work is thus needed to improve our knowledge of the characteristics and environmental risk factors present in this area. A significantly reduced risk of thyroid cancer in women was observed around these 7 NPPs. Sensitivity analyses were performed by modifying periods of time, districts and the deprivation index and produced stable results that attest to their robustness. A study by the Public Health Institute of Belgium 11 supports this finding: it reported a reduced risk in thyroid cancer incidence around 2 NPPs (Doel and Tihange), neither of which has experienced any known operational incidents.
Moreover, a recent meta-analysis 20 of the association between living near NPPs and risk of thyroid cancer showed a decreased risk for thyroid cancer incidence in studies that defined exposure as living near an NPP (summary OR 5 0.76; 95%IC: 0.59-0.97). Paradoxically, exposure to ionizing radiation is a well-recognized risk factor for thyroid cancer. One hypothesis that might explain the results observed is a possible difference in medical practices, such as screening, around these 7 NPPs. It might be interesting to develop a surveillance system to monitor thyroid diseases and related health care from the French national health insurance database to study this hypothesis. The French Network of Cancer Registries has routinely been collecting data about the size, type and stage of thyroid cancers since 2009, but has not yet published them. In view of our results, these data should be considered in future studies. In our study, living near an NPP was not associated with any significant risk of hematologic malignancies, except for CLL/SLL, for which risk was significantly reduced. Few studies have examined the effects of living near NPPs on hematological malignancies in adults, 10, 12, 13, 16, 17 and they usually do not go into much detail in their definition of these malignancies. Most of these studies have been performed in children, who are much more radiosensitive than adults and have a shorter latency time-to-disease onset. 4, 5 The fact that CLL/ SLL is the only hematologic malignancy subtype associated with living near NPPs is concordant with some substantial etiological heterogeneity observed among subtypes, 41, 42 particularly CLL/SLL, which is associated with few known risk factors. However, the inverse direction of the association observed for CLL/SLL might also be explained by underdiagnosis in the population around NPPs. Most CLL/SLL cases are diagnosed fortuitously, in the absence of symptoms, when doctors order blood tests for an unrelated health problem or during a routine checkup. Lower access to care in populations near NPPs might thus explain our findings for CLL/ SLL (as well as for thyroid cancer). Lastly, this result could be due to chance or to residual confounding, A first strength of our study is its reliance on incidence (rather than mortality) data. Studying cancer incidence rather than mortality notably improves the accuracy of health data (location of cases) since survival time must be added to the latency period for mortality. It is particularly important for cancers with good long-term survival rates. Moreover, our data come from cancer registries, which are exhaustive and cover the entirety of the districts studied. Thus, although our study included no specific pathology review, high quality standardized procedures for coding justify a high level of confidence in case registration and coding errors seem unlikely.
Another important strength of the study lies in the use of a multisite approach, which considerably improved the study power. Our theoretical calculations indicate that we would have been able to detect a RR that existed from 1.03 to 1.20 for solid tumors and from 1.10 to 1.40 for hematologic malignancies (see Table 10 and Table 11 in Additional file 3). Moreover, use of a multisite approach makes the results less dependent on local confounding factors.
Another advantage of our study is the number of confounders we considered to minimize bias. Most studies of cancer risks around nuclear facilities typically adjust for demographic factors but do not collect information on other potential confounders, 11, 43 such as the alcohol and tobacco consumption and traffic and pesticide exposure included in our study. Even though these confounders do not affect the results; the completeness of the statistical analysis should be underlined. The different methodological approaches to perform the statistical analyses attested to the robustness of the results.
It must be underlined that several cancers were studied. A large number of tests were performed and thus we cannot exclude an increased risk of false positive results.
We were not able to study the entire population living in the vicinity of several NPPs. The NPP of Fessenheim is near the German border but we have only French health data. Moreover, no studies exist in Germany about adults living in the vicinity of NPPs.
Similarly, we could not study the entire population in the vicinity of the Chooz NPP, which is <20 km from the Belgian border. Again, as we only have French health data, we were not able to study the Belgian population potentially exposed to this plant. However, Belgian researchers studied the effects of the Chooz NPP on the Belgian population during the 2004-2008 period, using the same exposure indicator as we did.
11 They concluded that the results for thyroid cancer around Chooz were unstable due to the limited number of incident cases (n 5 29), combined with the low population denominator (number of person-years considered) and accordingly could not be validly interpreted. It is for this reason that we emphasize the importance of future international collaborations, at least with these two bordering countries.
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The NPP of Le Bugey is situated in Ain, a district that does not have a general cancer registry. It is, however, close to the district of Isère, which does. We decided to include this NPP to study the incidence of cancer in Isère, which accounted for 48% of the exposed population (Table 1) , but no information was available for the municipalities in Ain potentially exposed to this NPP.
Although the ecologic design has the advantage of making use of databases that are readily available, it has also several drawbacks that must be taken into account. The first is the ecologic fallacy: ecological studies use data aggregated over groups rather than data about individuals. These groups are often defined to correspond to geographical administrative areas. The ecologic fallacy is an error of deduction that involves deriving conclusions about individuals solely on the basis of an analysis of group data.
Aside from the limitations inherent to all ecologic studies, 44 we should also mention that we analyzed incidence as a function of the distance from the NPPs. This proxy of exposure assumes a basic isotropic model that does not consider details about prevailing winds, or levels or geographic distribution of the radiation doses due to discharges from each NPP. Moreover, contrary to the study of children in the vicinity of NPPs, we did not have estimates of red bone marrow doses from gaseous emissions. 7 The proxies we used have some limitations. First, they were built at the municipal level, without individual data. Because alcohol and tobacco are the main risk factors for cancer, we considered it essential to take them in account, although any such adjustment is necessarily imperfect. 45 They have been built indirectly. We note that the French census does not collect individual or household data about smoking or alcohol consumption, and no such data are available at the municipal or individual level in France.
We were not able to adjust for all potential cancer risk factors, such as heredity, dietary habits or physical activity. However, there is no obvious reason to think that these factors would differ in-and outside the 20-km radii surrounding the NPPs. Because census data were available for the population changing municipality of residence over the last 5 years, we assessed migration in the study area for 2008 and found no statistical difference between areas located <20 km from NPPs and the rest of the population of the districts studied: the average proportion of the population that has not moved in the last 5 years was 74% in both areas. Hence, we assume that exposure misclassification due to migration is non-differential. 11 
Conclusion
This is one of the first multisite studies analyzing cancer risk in adults in relation to their residential proximity to NPPs. Residents of municipalities located near nuclear facilities may have a higher risk of bladder cancer than those living further away. It should nonetheless be noted that, as an ecologic study, it has inherent methodologic limitations. Such design allows hypothesis generation, but cannot establish causality. Improvements for future studies may include dosimetric measurements around the NPPs, efforts to reconstruct exposure histories and consideration of the prevailing winds. As results are sensitive to exclusion of one NPP, we recommend international collaborations, with Belgium and Germany for example, to increase number of sites and size of the exposed population (including non-French citizens). This would require accurate and thorough recording of cases with diagnostic certainty, as the registries do.
